Abstract -PZT sensors were installed on an ultrasonic transducer used for wire bonding in order to record ultrasonic amplitude and bonding time during the bonding process. To find an appropriate location for the sensor placement, the vibration displacement distributions of the transducer were measured using a high frequency heterodyne interferometer. The non-linear signal detected by the PZT sensor was processed and the signatures of the higher frequency harmonics were recorded and related to the bonding quality. The change in harmonic contents and its relation with bond quality will be used to develop a real-time automatic process control system for wire bonding.
I. INTRODUCTION
In microelectronic packaging, wire bonding provides electrical interconnections between chips and their associated circuitry. Historically, it has been recognized that the wire bonding process can be liable to significant variations in bond quality and that wire bonds are not amenable to conventional NDT weld inspection techniques. Current bond quality assurance / control techniques mainly consist of periodic calibration of the bonding machine for uniform bond quality, visual inspection of the degree of wire deformation and batch destructive testing after bonding. This is clearly an expensive and time consuming process. There is difficulty in the attainment of cost effective quality assurance standards [I] , for which the requirement is increasing in importance as a result both of the growing use of wire bonded circuits and of the increasing adoption of automatic bonding machines capable of high production rates with only limited supervision. Therefore, in-process monitoring and control of wire bonding process is required.
In this paper, we demonstrate how to use piezoelectric sensors in automatic process control of wire bonding by observing the change in high order harmonics of the ultrasonic signal.
U. VIBRATION DISPLACEMENT DISTRJBUTIONS ?vfEASvREMENT USING LASER INTERFEROMETRY

A. Principle of Detection
A Mach-Zehnder type heterodyne interferometer (SH-120 from B. M. industries in France) was used to measure the ultrasonic displacements of an ultrasonic transducer (Fig. 1 
B. Displacement Distributions of the Concentrator
Experimentally, the transducer was mounted on a micromanipulator with movements in the x, y, z, and 8 directions and clamped as it would be in a wire bonder. The orientation of the transducer was adjusted carellly so that the laser beam was normal to the vibration surface and maximum signal level on the spectrum analyzer was obtained. The driving voltage was 3.7 V, , at the transducer terminal to initiate optimum bonding condition. The vibration displacement distributions of the concentrator (coupler and exponential horn) at 62.5 kHz were measured, in steps of 0. horn, and at about 59.75 mm where the wedge is clamped, the displacements are small but non-zero. Displacement patterns for the top and bottom scannings are different fiom those for side scannings. h e coaxial radial mode displacement caused by longitudinal stress distribution was not observed in practical system [5, 61. In order to control the vibration characteristics of the transducer, the concentrator is usually shaped specifically to facilitate bonding by an axial motion along the wire to be bonded in an Al wire bonder. In addition to the effects of loading the wedge at the horn end, massive driver at the end of the transducer, and asymmetric clamping of the 'transducer, "mode conversions" occur and non-axial components are likely to be excited in the transducer. All vibration modes including axial, flexural and torsional, or their harmonics with frequency close to the operating fiequency of the transducer are excited and they coupled together.
Since the interferometer measures the absolute vibration amplitude n o d to the transducer surface, the vibration displacement distributions measured are the resultant displacement of all the allowable modes being excited in the transducer. 
C. Displacement Distributions of the Bonding Wedge
Since the wedge vibration is in orders of micron, in order to measure such a larger displacement without saturation of the interferometer, the driving voltage was reduced to 300 mV, , at the transducer terminal. The vibration displacement distribution of the wedge was measured, in steps of 0.25 mm, along the dotted line 'e' (wedge scanning), and the laser beam impinges on the wedge along direction 'E' (Fig. 2) .
In Fig. 4 , four anti-nodes and three nodes were observed along the length of the wedge, with two large-amplitude antinodes found at both ends. That is, the wedge vibrates in flexural mode. Magnification of displacement was also observed. The error of this experiment by comparing the result of Jl(x)/Jo(x) to that of Jz(x)/Jo(x) (not shown) is about 5%, and the measurement can be repeated to within about 10%. 111. CruTERlA FOR PZT SFl\JSOR INSTALLATION Basically, there are three criteria for the choice of suitable location(s) on the transducer for PZT sensor installation. They are 1) the location should be capable of producing strong output signal from the sensor; 2) the location should be sensitive to the change of boundary conditions at the tip of the wedge; and 3) the location should be chosen such that the sensor would not be damaged during the bonding process.
N. BOND QUALITY MONITORING USING PZT SENSOR
During bonding, the boundary conditions at the wedge tip change continuously. It is different depending on whether the tip is free, fixed, or damped in some way. A PZT sensor was attached on a suitable location on the transducer to sense these changes directly [8]. The bond quality monitoring system basically consists of a PZT sensor, a signal processor, a digital oscilloscope (HP 54522A), and a computer. The signal processor is comprised of a high input impedance preamplifier, a set of amplifiers, and a 2nd harmonic filter. The non-linear signal detected by the PZT sensor was processed by the signal processor and the ultrasonic signatures were recorded by the oscilloscope and saved in the computer. Pull tests and visual inspections were performed to check the bond quality. Good bond was defined as high pull strength and optimum wire deformation with small standard deviations. Fig. 5 shows typical sensor signatures of a good bond. Only a small amplitude change and frequency shift is observed for the fundamental frequency (62.5 Wz), but a very characteristic amplitude change and ffequency shift for the 2nd harmonic (125 kHz). When bonds are attempted without wire, the associated signatures are substantially different (Fig. 6 ) from those obtained with a good bond (Fig.  5) . However, changes are still more significant for the 2nd harmonic. Poorly formed bonds are found to have signatures in between them or anomalous signatures depending on the degree of poorness, but again more significant changes are found in the 2nd harmonic. To illustrate how sensitive the system is, Fig. 7 shows the signatures of a poor bond due to inadequate calibration of the bonder. Low frequency tool bounce was observed in the 2nd harmonic during bonding, but not in the fundamental frequency. 
VI. CONCLUSIONS
By attaching a PZT sensor on the transducer, the bond quality can be monitored by observing the 2nd harmonic of the ultrasonic signal. We believed that the most promising avenue for future development leading to an in-process quality control / monitoring technique for ultrasonic wire bonding lies in a multi-parameter approach based on modem data acquisition techniques. The findings in this work will be used to develop a multi-parameters real-time automatic process control system. Testing of the reliability of these signatures and their relations with bond quality in real bonding environment are in process. 
